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Haxton, G. Li, E. Mereghetti, G. Prezeau,
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LNV Physics: Where Does it Live ?

SUSY, see-saw, BSM
Higgs sector...

Mass Scale

Sterile v’s, axions,

BSM ? | darkU(1)...

Coupling

Is the LNV scale (associated with m,,) far
above M, ? Near M,,, ? Well below M,,, ,




LNV Mass Scale & Ovpp-Decay

Underlying Y A(Z+2, N-2) + e e

Physics

» 3 light neutrinos only: source of neutrino
mass at the very high see-saw scale

» 3light neutrinos with TeV scale LNV

« > 3light neutrinos
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Questions

If TeV scale “‘non-standard” LNV physics
contributes to Ovpp decay, what is the
interplay with cosmology and collider physics?

 Leptogenesis
¢« Xm,
« [HC & Beyond

How do we reliably compute TeV scale
contributions to to 0Ovfp decay ?



Outline

. LNV & Leptogenesis: Context

Il. TeV Scale LNV: Leptogenesis-
Colliders-0vpp Decay

* Interlude: EFT for Ovp Decay
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l. LNV & Leptogenesis: Context



The “Standard” Picture: High-Scale LNV



LNV Mass Scale & Ovpp-Decay

Underlying Y A(Z+2, N-2) + e e

Physics

3 light neutrinos only: source of neutrino
mass at the very high see-saw scale

3 light neutrinos with TeV scale LNV

> 3 light neutrinos
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Ovpp-Decay: “Poster Child” Mechanism

Effective DBD neutrino mass (eV)

Three active light neutrinos
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Heavy Majorana N




Neutrinos and the Origin of Matter

Heavy neutrinos decay out of equilibrium
in early universe

Majorana neutrinos can decay to particles
and antiparticles

Rates can be slightly different (CP violation)
(N — (H) # I'(N — (H*)

Resulting excess of leptons over anti-leptons
partially converted into excess of quarks over
anti-quarks by Standard Model sphalerons
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Il. TeV Scale LNV: Leptogenesis-
Colliders-0vpp Decay

I. Peng, MJRM, P. Winslow 1508.04444

J. Harz, MJRM, S. Shen, S. Urrutia-Quiroga
2007.NNNNN
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Implications

* [eptogenesis
» Collider Searches

* Nuclear Physics
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Implications

* [eptogenesis
» Collider Searches

* Nuclear Physics
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Energy Scale (GeV)

TeV LNV & Leptogenesis

e <_‘I'_ Standard thermal lepto
I YV
L oM
1
|
3 ' m Fast AL = 2 int: erase L Deppisch et
10 ey # : al 14, ‘15
10 2
-1
10 Our work: concrete model

realizations to link cosmological
effects with experiment
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Boltzmann: N, & B-L

Basic equations: decays & inverse decays

dYy
dz
dYp_r
dz

(D +8) (YN — YJEQ)

D (YN _ YJEQ) W Ysr
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Boltzmann: N, & B-L

Basic equations: decays & inverse decays

dy
Y — —(D+8) (Yw - ¥3%)
dz
Yi_
ddB L L D (YN—YNQ W Ysor
Z

Decay Scattering
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Boltzmann: N, & B-L

Basic equations: decays & inverse decays

dY;
Y~ —(D+5) (Yw-¥3%)
dz
Vi
d dB L' — —eD (YN _ YJEQ) W Ys_;
%)
Y.

/

.
CPV Deca -
Asymmetr)}//' source “ Wash out: Inverse decays, AL =1, 2
' processes...

h&-
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Neutrinos and the Origin of Matter

* Heavy neutrinos decay out of equilibrium
in early universe

Washout processes

L 4
U 4
P 4
-
-
-
-
f’
-

Converts leptons into anti-leptons
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Neutrinos and the Origin of Matter

* Heavy neutrinos decay out of equilibrium
in early universe

Washout processes

Converts leptons into anti-leptons



Simplified Models: lllustrative Case

Lint = 9:00d°S; + g,€/L;FS; + H.e.

S: (1, 2, 72)
F: (1, 0, 0) Majorana

Similar ingredients as in scotogenic neutrino
mass models (but no Z, symmetry)

23



Leptogenesis: Washout Processes

L .S L D
s’ L F U
(a) AL =2 (b) AL = 1
F .S F\/L
l S
L A AHJ S
() AL =1 (d) AL =1

24
Thanks! S. Urrutia-Quiroga



Neutrinos and the Origin of Matter

* Heavy neutrinos decay out of equilibrium
in early universe

Example: weak washout, m,, = 107° TeV,
Washout processes M:=1TeV, Ms=0.8 TeV

. K=10"%, g, =103, go =107 o K=10"%, g, =102, go = 1072
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Thanks! S. Urrutia-Quiroga



Results: Leptogenesis

Leptogenesis exclusion plot for Model O2
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TeV LNV & Leptogenesis
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Baryogenesis alternatives

Standard thermal lepto

Deppisch et

Fast AL = 2 int: erase L al 14, ‘15

———————————————————————— ~

Electroweak, resonant lepto,
WIMPY baryo, ARS lepto...

Post-sphaleron, cold...
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Implications

* [eptogenesis
* Collider Searches

* Nuclear Physics
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TeV Scale LNV: Ovpp-Decay & Colliders

— = y _
Loass = yLHvp + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
Ovpp-Decay pp Collisions
e e
d U
P P
7 — @ u —

A(Z, N) A(Z+2, N-2) X X
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TeV Scale LNV: Ovpp-Decay & Colliders

Lonass = yl_}I:IVR + h.c. L':t ﬂ:\-%gﬂheﬁlipl) + h.c
Dirac C_ SS Dllep C Majorana
LH -
Ovpp-Decay pp Collisions
d U

QU

<
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TeV Scale LNV: Ovpp-Decay & Colliders

— = y _
Loass = yLHvg + h.c. Loinass = KLCHHTL + h.c.
Dirac Majorana
TeV Scale LNV
d U
e Can it be discovered
Ovpp - decay ) with combination of
‘ OvBB & LHC searches ?
d U
d N : S u
St - Simplified models
LHC: pp — jjee F OJF

|
ST 31




Interlude: Ov BB - decay in EFT

Operator classification U= M WEAK

G2 14 "
L(q,e)=AF NC,(w O ele’ + he.

BB j=1
e.g. éab = MTa — Tb
1+ =4V T 4 4rY,T qg
Ov PP -decay:a=b =+ Prezeau, MJRM, Vogel

PRD 68 (2003) 034016
Chiral sym: map O; onto L (x ,N)
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Interlude: Ov BB - decay in EFT

Tractable nuclear operators

Prezeau, MJRM, Vogel
PRD 68 (2003) 034016
Systematic operator classification
33



Interlude: Ov BB - decay in EFT

e e e_ e_
B2y x|
N N N N N

34



Interlude: Ov BB - decay in EFT

Operator classification U= M WEAK

) el + hc.

£(q,e)

/3/311

Chiral sym: map O; onto L (x ,N)

———————————————————————————————————————————————————————————————————

' * Prezeau, MJRM, Vogel PRD 68 (2003) 034016 [hep-ph/0303205]
i- M.J. Graesser, 1606.04549
i » Cirigliano et al, 1806.02780

N - —
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Ovpp-Decay: TeV Scale LNV

Lonnes = yLHvE + hic. Lo = %ZCHHTL + he.
Dirac Majorana

Low energy:  Nuclear Matrix Elements: Long Range Effects
Prezeau, R-M, Vogel ‘03 *

e Y 2N
A TN T
! "-18 i l I* TeV
! S : | | LNV
\p 27 p | | !
| E———p p4 —_— > -
\ (a) A 1) = (4)
l Exploit Chiral Symmetry & EFT ideas
This model: LO + 36

counterterm



OvppB-Decay: Our Earlier Study

Loass = yl_LI:IVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

vvvvvvvvvvvvvvvv

1.2}~ £L=3006"
<+ £=3000b""

y —
Lmass — _LCHHTL —l_ h.C.
A
Majorana
Present e— e—
Tonne scale
F
S | s

A(Z, N)

A(Z+2, N-2)

T. Peng, MRM, P. Winslow 1508.04444
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Ovpp-Decay: TeV Scale LNV & m,,

Loass = yl_LI:IVR + h.c.

Dirac

Implications form,,:
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LHC Update: Signal & Background

g =10, g0 =0.1| g =0.1, g0 =1.0
o(pp — jjete™) (pb) 9.701 x 1073 1.811 x 103
owy(pp — ST) (pb) 2.614 x 1072 2.614
Br(S*T — et F) 9.494 x 10~1 1.871 x 10~
Br(F — etjj) 0.5 0.5

(a) /s =14 TeV, mp =1 TeV, and mg =2 TeV.

BKG type o before signal selection (pb) | o after signal selection (pb) | o after NN (pb)

Ww 3.28 x 1073 6.40 x 10~* 6.87 x 10~

Diboson WZ 2.59 x 10~* 6.65 x 10~* 2.10 x 10~
47 1.32 x 10~* 5.62 x 10~ 1.14 x 10~>

™ W+3j | L79x 10~ 434 x 107 1.78 x 107
tt 9.11 x 1072 2.64 x 102 6.10 x 10~°

Charge misidentification ft R RS 1.54 x 1072 445 x 1072
Z/y* 2.54 x 1071 1.37 x 1071 4.89 x 10~°

5.88 x 107! 2.30 x 107! 5.86 x 10~
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Results: Ovpp Decay & LHC

Exclusion plot for Model O2 Exclusion plot for Model O2
" (mp =1TeV, mg/mp = 0.99) 0 (mp =1TeV, mg/mp = 1.5)
1 NSO ] K

DBD

9Q

'l PN LHC (14 TeV, 100 fb~1) | 'l : LHC (14 TeV, 100fb~1)
I : —=' LHC (14TeV, 3ab™ 1) I : —= LHC (14TeV, 3ab™ 1)
103 S S P — —— ) 103 S IS S— — —
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gL gL
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mite
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prelifis o

Thanks! S. Urrutia-Quiroga



The Ovpp / Leptogen / Collider Interplay

« The observation of TeV scale LNV through a
combination of Ovpp-decay and collider searches
could preclude the viability of standard, thermal

leptogenesis

 The of Ovpp-decay and collider searches provide
complementary sensitivity (e.g., mass spectrum):
discovery could occur in one or the other or both

+  Significantly enhanced 0Ovpp-decay sensitivity
and collider reach (100 TeV pp?) may be needed
to reach the leptogenesis viable region

41



lll. TeV Scale LNV: OvpB-Decay
&3m,

 G. Li, MURM, J. C. Vasquez, 2007.NNNNN
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Neutrino Mass & Cosmology

Matter Power Spectrum Neutrino Free Streaming
Q=9 + Q5+
Later Earlier o 2] 5

Radiation
Domination

Matter Domination i

Free Streaming Scale
Increase m,, 1 / 9

L ocm,

Increase m,
—_—>

Suppression moves
Zm,<0.12eV op, (power) suppressed to smaller scales —

Palanque-Dalabrouille ‘15 for L < Ly Larger k
43

K. Abazajian ACFI neutrino mass workshop



Implications for Ovpp-Decay

Three active light neutrinos

—

<mg> / eV

Cosmo current

: / Ton scale

s

Effective DBD neutrino mass (eV)

PRI BSRTeT

N 3H decay next gen

"2 107" 1072 o' 107 1072 10
Muin / €V Mgt / €V <m,> / eV

Cosmo next gen 44




TeV-Scale LNV Implications ?

Minimal Left-Right Symmetric Model

45



Minimal LR Symmetric Model

(J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N. tra and J. C. Pati, Phys. Rev. D 11, 2558 (1975); G. Senjanovic and R. N. Mohapatra,
Phys. Rev. D 12, 1502 (1975); G. Se: ovic, Nucl. Phys. B153, 334 (1979).

e Extendsthe SM gauge group |
SUB) X SUR)yx SU2), x U(l)g_; X Z,

e The mixing between the W — Wy, bosons give

——————————————— 2 ——
( - "2 et  Mw il i
1 tané = ——=e " p (—=)sin2fe™ " tan f = v, /v, §
\——————————Vg———-, ﬁi‘R e J

v, and v, are the v.e.vs of the light and heavy doublets.

e tanf,,, ~ 0.5 from K and B meson systems (Bertolini, Nesti and Maiezza 2019. ArXiv:
1911.09472)

W = cos §W]JL — sin fe"'“Wz’L (SM W boson)

P — o iay/+ i
We = sin&e WI” + cos észﬂ

Thanks! Juan Carlos Vasquez
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Minimal LR Symmetric Model: Ovpp-Decay

Long range chiral enhancement

e There are the following contributions (ontop . -----}
of the usual light neutrino contribution) : LR contribution

J

LL or RR d D L T T

28

——cr - \ - e
agw R WL, R < R, L
Dr%—""-’— 5
L
01 ’l(__ N S
ol | 78
RR contribution Suppressed by heavy L / R l-——/ K

6** masses and LFV constraints (Tello and The Blue contributions are

Senjanovic. ArXiv: 1011.3522)

Suppressed by small heavy-light

ATLAS limit ~ 800 GeV) (arXlv: 1710.09748) ) o
Neutrino mixing

47
Thanks! Juan Carlos Vasquez



Minimal LR Symmetric Model: Ovpp-Decay

Long range chiral enhancement

* There are the following contributions (on top -
of the usual light neutrino contribution) : LR contribution

(A ' .
et :

I B } y

I 2 _ : | |

| P Q2T7r‘ “p o : '

| — | — > >

. (a) L/ (b) (c) (d)

48
Thanks! Juan Carlos Vasquez



Minimal LR Symmetric Model: OvBp-Decay

gr?je-,;’\://{/H my in GeV
ead. 1 10 100 400 500

Long range:
our work

>

o

23 B A e Shart range only:

g Tello et al, 1101.3522

Mw, =7 TeV TR xpected limit
mMargest =500 GeV NG
Vr=V_"
10~ 0001 0010  0.100 :

m,_.. ineV
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Minimal LR Symmetric Model: OvBp-Decay

3T T T T T T T T T T T T T T | ARV SRVA
'ib" {vrrroar

|
Long range } """" £
§ ' 1

rrrrr

4444444

T

0.100 ¢

> .
_2 %— Short range only

J_Z; 0.0105—--- “: j'-'-'i"f;-i“

£ AR

0.001 | (B 17/

T Mwe =T TeV At

I V]

Mijargest = 500 GV =§ A

' * f | '

ofp L VR=W \A1077

0.06 0.08 0.10 0.12 0.14

>m,ineV
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Minimal LR Symmetric Model: OvBp-Decay

1L H =]
 ; ong range =S
:/ KamLAND-Zen limit =l
0.100} -t * 0 ==
> C5 S ]
“C’ Short range only
2% 0.010 brmrmrmmem B e O — 13-
g : Expected limit :; _
205
My, =7 TeV >
o)
0.00TF | mpygeq =500 GeV B
V= V" 3
0.100 0.105 0.110  0.115  0.120
>m,ineV
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V. Outlook

The observation of TeV scale LNV would have
profound implications for our understanding of
the origin of m,, & the connection to the cosmic
baryon asymmetry

There exists a rich interplay between Ovpf,
collider searches, and m , information from
cosmology

Exciting opportunities ahead for exploring model
realizations, related phenomenology, and
hadronic/nuclear theory

1535t 52







Lepton Number: v Mass Term?

Lo = yLHvE + hec. o %ZCHHTL + he.
Dirac Majorana

Mass scale for LNV dynamics ?

54



Results: LHC Cross Section

« Largest ofor mg > mg

» Off-shell S suppression for mg > mg

Thanks! S. Urrutia Quiroga
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Ovpp-Decay: TeV Scale LNV & m,,

Lonnes = yLHvE + hic. Lo = %ZCHHTL + he.
Dirac Majorana

Implications form,,:

(H) | (H)
71, ¢ i Controls '~ /
& m, \)\,é
‘fl SU// \\\\S“
\"‘\\’ /// \\\
vertex W, ; vryHer, in S.M. v o Fo
Schecter-Valle: non-vanishing Simplified model: possible
Majorana mass at (multi) loop level (larger) one loop Majorana mass
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